loads. Stress and strain states were specially analyzed.
INTRODUCTION
Underground structures significantly differ from the majority of ground-level structures, by the characteristics in terms of reaction to the seismic influences, namely, they are completely dug-in the soil or rock, and as linear structures, they are characterized by their great length. Underground facilities built in seismically active areas should be designed to withstand both static and seismic loads. So, designing underground buildings resistant to seismic influence has certain aspects that are to a considerable extent different than those of aseismic designing of ground level structures.
In the analysis of seismic load on tunnel structures in the direction of horizontal axis (x) at a depth H in the medium of thickness Hc (which consists of a layer of saturated sand on limestone), the following displacement can be distinguished:
− Displacements in the horizontal plane xOy, which produce axial strain and load caused by bending; − Displacements in the vertical plane yOz, which lead to distortion of the tunnel cross section. In most cases it is assumed that the displacements to which the underground facility is exposed to, occur when the object is constructed in a in a free stress field. Interaction of a structure and the environment is not taken into account. This hypothesis assumes that the underground facility (tunnel) is of less rigidity in respect to the environment in which it is installed. This hypothesis is questionable in our case, as well in the case of a tunnel in soft soil, therefore, in situations where vibrations periods are slightly higher. At any rate, the hypothesis is always on the side of safety, since structure rigidity (of the tunnel) is acting to reduce the displacement of the environment where it is constructed, which results in less structure strains.
Another hypothesis relates to the ignoring of the effect of inertia. This hypothesis has not been confirmed by testing on numerical models. There is not always continuity of displacement in the contact of the structure and the environment (in our case -the case of submerged tunnel, the continuity certainly exists). If no continuity of displacement on the contact of the structure -environment is assumed and if there is locally concentrated mass in the structure, the effect of inertia must be taken into account. The following analyses, do take into consideration any structure -environment interaction, or influence of the inertia, thus making it quasistatic analysis of the structure wherein the state of strain is analyzed.
ANALYSIS OF LONGITUDINAL LOAD
In the horizontal plane xOy the following can be distinguished: − Axial strain parallel to the axis Ox; − Bending strain caused by the displacement components normal to the axis Ox.
Axial strain cause in the tunnel lining compressive and tensile stress propagating longitudinally by Vp velocity (primary, longitudinal seismic wave propagation velocity).
Maximum axial strain (max ε x ) can be estimated by the Newmark formula, which relates to deformation in free field:
where Vx is the velocity of vibration parallel to axis Ox. A shear wave, of sine form, of frequency N, propagating by the velocity Vs (propagation speed of secondary, transversal seismic waves) parallel to the axis Ox, shapes the tunnel in the form of a sine, with the wavelength λ x :
2.2. Bending strain is a result of the bending moment and shear stress, where the following relations are valid:
Er -modulus of elasticity (Young's modulus) of the tunnel lining Ir -moment of inertia of the tunnel lining in respect to the axis Ox Uy(H) -displacement parallel to the axis Oy at the depth H, so:
Bending moment and shear stress are maximal for
, so:
) ( max 8 max
Also, in the function of the acceleration a y (H) parallel to the axis Oy at the depth H there is:
) ( max 2 max As is demonstrated by this example, it is often necessary to limit the bending moment installing the elastic joints at one quarter of the wavelength λ x /4, which would mean, for the preceding example, at every 50m. Resistance of the elastic joints is now calculated by assuming they can withstand shear stresses equal to the shear stress at the corresponding part of the soil.
Kuesel suggests the following rule: − if max ε <10 -4 , the structure is elastic; − if max ε >10 -4 , joints for strain absorption should be designed.
TRANSVERSAL LOAD ANALYSIS
The following underground structure is considered: its horizontal axis is at the depth of 50m, in the soft soil stratum of Hc thickness. The loads in the plane yOz are a result of vertical propagation of shear wave, originating in the rigid bed. For the basic form N 1 , the profile is displaced horizontally for Uy(z) and has a form of a quarter of a sine curve (figure 2). 
Maximum value is: 
where ν r is Poisson's coefficient of tunnel lining. Radial stress σ r and shear stress τ rΘ (figure 4) act on the top surface of the ceiling and they can be determined with the aid for the following differential equations:
where the radial and tangential components on the top surface of the ceiling Ur and Vr are presented by the terms:
It should be emphasized that the stresses are positive (radial stress is positive if its direction is turned away from the ceiling), and that at the top of the tunnel the horizontal displacement Uy is linear.
Integration of the given differential equations yields the following values:
Normal span A is obtained from the term:
Bending moment M is obtained from the term:
Normal stress and bending moment have maximum value for
If the following example is observed, where r = 4m and e = 0.4m, Er = 25000 MPa and ν r = 0.15, the rigidity moduli are Ksc = 2046 MPa and Ksf = 16 MPa, so the result is:
For the conditions Hc = 50m and H = 25m, Vs = 100m/s and for the maximum acceleration on the surface a 0 = 0.5g, max(ΔUy) = 1.1cm is obtained.
CONCLUSION
Tunnel structure deformation decreases with the increase of the thickness of layer above the tunnel and the deep-laid tunnels are safer and less sensitive to earthquakes, as opposed to the shallow-laid tunnels.
Tunnel structures built in the soil are more prone to damage in respect to the structures which are in the bedrock.
From the analysis, it is clear that the loads increase in intensity with the decrease of the velocity of secondary seismic waves (shear waves), that is in cases when the soil is less compacted (tenuous).
Presence of water in the soil with low bearing capacity (soft soil) further aggravates soil response to seismic influence. Namely, when subjected to action of seismic waves, such deposits are prone to liquefaction (soil flow), which results in floating of the tunnel structure on the water saturated subsoil.
